DNA gyrase is the only topoisomerase capable of introducing (À) supercoils into relaxed DNA.
INTRODUCTION
Type II DNA topoisomerases (Topos) are ubiquitous enzymes that catalyze ATP-dependent passage of one DNA duplex (termed the 'transported' or T-segment) through a transient double-stranded break in another duplex (termed the 'gate' or G-segment) (1, 2) . Such activity alters DNA topology, allowing these enzymes to solve topological conflicts arising during cellular DNA transactions (3) . Although all type II Topos possess duplex passage activity, resultant changes in DNA topology depend upon how two DNA segments are captured and recognized as the T-and G-segments, respectively. Conventional type II Topos, including bacterial Topo IV and eukaryotic Topo II, resolve mainly pre-existing DNA crossovers, leading to the relaxation of supercoils or decatenation of interlinked chromosomes (4, 5) . Interestingly, the majority of bacteria possess a specialized type II enzyme named DNA gyrase that can actively shape DNA curvature and pump (À) supercoils into the relaxed DNA molecule (6) . In particular, the supercoiling reaction and converts gyrase into a conventional type II Topo which simply performs relaxation and decatenation (10) , demonstrating the direct participation of this domain in the in cis T-segment presentation. Moreover, the GyrA-CTD harbors a positively charged and gyrase-specific 'GyrA-box' motif required for both DNA-wrapping and supercoiling activities of gyrase (11, 12) .
Structural analysis revealed that the Escherichia coli GyrA-CTD (EcGyrA-CTD) adopts a six-bladed and seemingly spiral-shape 'b-pinwheel' fold (13) , highlighted by the non-planar orientation between the two terminal b-sheet blades (blades 1 and 6). This feature presumably presents a right-hand curved DNA binding surface along the structural perimeter suitable for inducing chiral DNA-wrapping. However, it remains controversial whether planarity of the GyrA-CTD has an effect on gyrase's hallmark DNA-wrapping and (À) supercoiling activities. Rather than adopting the non-planar architecture seen in EcGyrA-CTD, the Borrelia burgdorferi GyrA-CTD (BbGyrA-CTD) is a flat b-pinwheel, with its GyrA-box residues apparently involving in the planar packing between the terminal blades 1 and 6 (14) . Because the GyrA-box of BbGyrA-CTD deviates significantly from the consensus sequence, it has been argued that the flat BbGyrA-CTD may be a structural outlier, and those GyrA-CTDs with a canonical GyrA-box would resemble the non-planar EcGyrA-CTD (13) . In addition, this crucial motif is completely disordered in the EcGyrA-CTD structure; thus, the influence of the canonical GyrA-box on overall structural curvature remains unclear (1, 13) . Most surprisingly, the homologous but functionally divergent CTD of Bacillus stearothermophilus Topo IV (BsParC-CTD) exhibits a similar non-planar overall shape as the EcGyrA-CTD (15) . Given that ParC-CTD possesses only DNA-binding activity but is incompetent in performing handed DNA-wrapping (4, 14) , therefore the structural determinant that allows EcGyrA-CTD to wrap DNA and the molecular basis for the functional distinction between gyrase and Topo IV have remained enigmatic.
To resolve these outstanding controversies, we determined the crystal structure of Xanthomonas campestris GyrA-CTD (XcGyrA-CTD) and revealed for the first time the structure of the canonical GyrA-box motif. Not only does this new structure strengthen the non-planar architecture of canonical GyrA-CTD b-pinwheel, structural analysis further led to the identification of a conserved and unusual b-strand-bearing proline that may affect the structural planarity of the b-pinwheel domain. The impact of this structurally unique proline on gyrase's (À) supercoiling activity was illustrated by site-directed mutagenesis studies, which represents the first example of a b-strand-bearing proline with functional significance. Our finding suggests that particular attention should be paid to the structural and functional consequences of conserved b-strand-bearing prolines in other proteins. A potential medical relevance of this study is also discussed.
MATERIALS AND METHODS

Protein preparation
Using a standard PCR-based cloning strategy, the coding region of the X. campestris GyrA-CTD (XcGyrA-CTD, residues 531-899) was generated and inserted in-frame with a C-terminal His-tag into a modified pET-21b vector. SeMet-labeled XcGyrA-CTD was produced in methionine-auxotrophic E. coli strain B834(DE3) using previously reported procedures (16) , and purified by immobilized Ni 2+ -affinity and size-exclusion chromatography to homogeneity. Purified protein was stored in gel-filtration buffer (25 mM Tris-HCl pH 7.5, 300 mM NaCl, 1 mM EDTA and 1 mM dithiothreitol) and concentrated to $20 mg/ml for crystallization.
The coding regions of full-length E. coli GyrB, GyrA and GyrA-CTD (EcGyrA-CTD, residues 533-850) were generated by standard PCR-based strategy and individually inserted in-frame with a C-terminal His-tag into a modified pET-21b vector. QuikChange TM mutagenesis method (Stratagene) was applied to these vectors to replace residues Pro636 and Arg580 of the full-length GyrA and EcGyrA-CTD with Ala to allow the expression of mutant proteins GyrA(P636A), GyrA(R580A), EcGyrA-CTD(P636A) and EcGyrA-CTD(R580A). The wild-type and all mutant proteins were produced in E. coli strain Rosetta(DE3)pLysS, with 0.5 mM IPTG induction for 14 h at 20 C. Recombinant proteins were purified using the procedure described above for XcGyrA-CTD and stored under the same buffer condition. Functional gyrases were reconstituted by mixing purified GyrA (or mutant GyrA) and GyrB subunits in 1:1.2 molar ratio, followed by size-exclusion chromatography to obtain the (GyrA) 2 (GyrB) 2 tetramer.
X-ray crystallography
Initial crystallization trials were performed with commercially available kits (Hampton Research, USA) using the hanging-drop vapor-diffusion method. Crystals of selenomethionyl XcGyrA-CTD were obtained at 277 K using 2 ml protein solution and 2 ml different reservoir solutions consisting of 200 mM ammonium sulfate, 100 mM Bis-Tris pH 5.2-5.9 and 25-29% (v/v) PEG 3350. Crystals for data collection were cryoprotected by increasing the ethylene glycol concentration of the reservoir to 15-20% and then immediately flash-frozen in liquid nitrogen. Multi-wavelength anomalous diffraction (MAD) datasets were collected from a single SeMetlabeled crystal at two different wavelengths (Se inflection and high remote) on beamline SP12B2 (SPring8, Japan) and processed using the HKL2000 software suite (17) . Data from each wavelength were indexed according to the same crystal orientation matrix but integrated and scaled independently. Experimental phases of XcGyrA-CTD were obtained at 2.6 Å using the MAD method implemented in the program SOLVE (18) , and were further improved and extended to 2.2 Å by a better-diffracting native dataset collected on beamline BL13B1 (NSRRC, Taiwan). The resulting experimental electron-density maps were of good quality (Supplementary Figure S1 ), which allowed RESLOVE (19) (20) (21) to build initial models. The programs O (22) and REFMAC5 (23) were then used for rounds of manual model rebuilding and refinement, respectively. Data collection and refinement statistics were summarized in Table 1 .
Topo I readout of protein-induced DNA-wrapping
Wild-type or mutant EcGyrA-CTDs (38.4-307.2 nM) were incubated with (À) supercoiled plasmid pUC119 (300 ng; 9.6 nM) in 15 ml buffer that contained 35 mM Tris-HCl, pH 8.0, 72 mM KCl, 5 mM MgCl 2 , 5 mM DTT, 5 mM spermidine, 0.01% bovine serum albumin, 6.7% glycerol, 0.1 mM EDTA, and 1 Weiss unit T4 DNA ligase. After 1 h, 16 C incubation, 0.5 unit of calf thymus DNA Topo I was added and the mixtures were incubated for another 4 h. The reaction was stopped by adding 5 ml of stopping buffer (6% SDS, 30% glycerol, 10 mM EDTA, bromophenol blue) and incubation at 42 C for 10 min. DNA products were resolved by 1% agarose gel electrophoresis in 0.5Â TBE at 4 V/cm for 16 h at 4 C. After EtBr staining, the topoisomer bands were quantified and normalized, and plotted and fitted to Gaussian curves using SigmaPlot2001. The signs of the topoisomers were established by resolving the DNA samples with an agarose gel that contained chloroquine (0.6 mg/ml). The linking-number change per EcGyrA-CTD produced on the circular DNA plasmid was estimated by the quotient of the peak shifts in Gaussian curves divided by the increase in the molar ratio of protein. The experimental parameters used in this assay were based on previous studies and our experimental refinement (13, 24) .
DNA supercoiling assay
DNA supercoiling activity was assayed with relaxed pUC119 as a substrate. Reactions (20 ml) were carried out in a buffer containing 35 mM Tris-HCl (pH 7.5), 24 mM KCl, 6 mM MgCl 2 , 6.5% glycerol, 100 mg/ml BSA, 5 mM DTT, 1 mM ATP, with 300 ng relaxed pUC119 and either wild-type or mutant E. coli gyrases at 37 C for 30 min. Following reaction termination and deproteination, DNA products were resolved by 1% agarose gel electrophoresis in 0.5Â TBE at 4 V/cm for 16 h, and stained with EtBr.
RESULTS AND DISCUSSION
Structural determination
The crystal structure of XcGyrA-CTD was solved by the MAD technique using selenomethionine-labeled protein and refined to a final R work and R free of 22.3 and 27.5%, respectively, with good stereochemistry ( Table 1 ). The final model consists of two protein molecules per asymmetric unit (designated chain A and B), with chain A containing 313 residues and chain B 305 residues. The two crystallographically independent XcGyrA-CTD chains are highly similar (with an r.m.s.d. value of 0.61 Å over 295 equivalent Ca atom pairs), except for the region between residues 560-575. Whereas the corresponding electron density allowed interpretation of this region as an ordered loop in chain A (Supplementary Figure S1B ), residues 560-567 were disordered in chain B. Because residues 560-565 comprise the functionally significant GyrA-box motif (11, 12) , the structure of XcGyrA-CTD chain A is of particular functional importance by revealing for the first time the spatial arrangement of the canonical GyrA-box within the context of the b-pinwheel fold ( Figure 1 ). Given that chain A represents a more complete model for XcGyrA-CTD, it was used for all subsequent structural analyses.
XcGyrA-CTD is non-planar with uneven axial rises between adjacent blades
Unlike the atypical GyrA-box motif of BbGyrA-CTD which interacts extensively with blade 6 residues ( Figure 2B ) (14) , the DNA-binding canonical GyrA-box of XcGyrA-CTD exists as a fully exposed surface loop that links blades 1 and 6 without contacting surrounding residues ( Figures 1A and 2 , Supplementary Figure S1B ). Although higher B-factors are associated with GyrA-box residues due to the lack of direct interactions, the spatial location of the GyrA-box motif is defined by the presence of anchoring residues from both sides. Specifically, residues 554-559 form an a-helix whose position is specified by other blade 1 residues and residues 566-570 fold into a b-strand to become an integral part of blade 6. While residues 555-575 appear to latch blades 1 and 6 together by forming a Velcro-like closure, the XcGyrA-CTD closely resembles the non-planar EcGyrA-CTD (13) rather than the flat BbGyrA-CTD (14) ( Figure 2 ). It appears that the Velcro closure does not constrain the b-pinwheel structure into a flat ring, and that GyrA-CTDs with the consensus GyrA-box motif more likely adopt a non-planar architecture. Unexpectedly, although the non-planar XcGyrA-CTD and EcGyrA-CTD did not superimpose well with the flat BbGyrA-CTD, the quality of structural alignment was Table 2 , in contrast to some common biological helical structures such as double-helical DNA, a-helices, and various protein filaments that exhibit uniform axial translation between adjacent structural modules, both XcGyrA-CTD and EcGyrA-CTD show very uneven axial displacements. Prominent axial rise is observed only between blades 1 and 2, whereas the packing between all other blade pairs appears relatively planar with negligible axial displacements. Consistently, superposition of adjacent blade pairs clearly revealed the existence of a significant out-of-plane structural twist between blades 1 and 2 ( Figure 3B ). On the contrary, all other blade pairs exhibit flat packing and can be aligned nicely with those of the BbGyrA-CTD ( Figure 3C ). Our finding strongly suggests that the planarity of a b-pinwheel structure is linked to the packing geometry between adjacent blades, and that both XcGyrA-CTD and EcGyrA-CTD would be relatively flat without an abrupt spatial rise in blade 1.
This previously unrecognized structural feature of canonical GyrA-CTDs readily explains why the GyrAbox motif is absolutely required for gyrase's unique EcGyrA-CTD (E), respectively, by superimposing on blade 2s. Only interface residues from XcGyrA-CTD and EcGyrA-CTD are displayed. In both structures, a b-strand-bearing proline residue (green asterisk) was observed at the penultimate position of the innermost b-strand of blade 2. With its structurally rigid pyrrolidine side-chain pointing toward blade 1, this proline appears to induce an upward twist (indicated by the curved cyan arrows). Note that none of the flat blade pairs has a proline at the corresponding position. In an ideal situation, no significant axial rise between adjacent blades is expected for a flat b-pinwheel ring, and the measured centroid displacements should be close to zero. In the real case, however, the exact location of a blade centroid is determined by the spatial distribution of constituting atoms of a blade. Therefore, given the sequence and structural variations between blades, it is anticipated that the calculated values would deviate from zero. As shown in the table, an average centroid displacement of $1.5 Å was observed for BbGyrA-CTD. Because BbGyrA-CTD exhibits a flat overall shape, the average centroid displacement ($1.5 Å ) of this structure may conveniently serve as an experimentally determined confidence level (or noise level) for judging whether two adjacent blades from the non-planar XcGyrA-CTD and EcGyrA-CTD (13) structures are in-plane (flat, with no significant axial rise) or out-of-plane (with meaningful axial rise). Two adjacent blades are said to be significantly non-planar only when the calculated axial displacement exceeds $3.0 Å , which is two times higher than the average noise level. By applying the 3.0 Å cutoff, very uneven axial rises instead of a uniform axial translation were observed for both the XcGyrA-CTD and the EcGyrA-CTD b-pinwheels. Specifically, significant axial rise was only observed between blades 1 and 2, and the axial displacements for all other pairs of adjacent blades (B2-B3, B3-B4, B4-B5, B5-B6) were negligible. This result clearly shows that for XcGyrA-CTD and EcGyrA-CTD blades 2 through 6 form a flat structure; this explains why all the three structures can be superimposed very well by deleting their blade 1s. And the angled packing between blades 1 and 2 is responsible for the overall non-planar architecture.
DNA-wrapping and (À) supercoiling activity (11) . Because the DNA-contacting canonical GyrA-box motif is located at blade 1 at an end of the curved DNA-binding surface, the markedly angled packing observed between blades 1 and 2 would place blade 1 and the GyrA-box motif at an out-of-plane position relative to the other blades. Consequently, a handed twist is introduced onto the DNA-binding surface ( Figure 1B) , which allows the bound DNA to be chirally wrapped into a (+) crossover. In the absence of GyrA-box, the remaining DNA binding surface would be relatively flat and is thus incompetent for introducing chiral DNA-wrapping.
The proposed requirement for having DNA-binding residues in blade 1 for gyrase to exhibit (À) supercoiling activity also elucidates why gyrases and those Topo IVs with non-planar and 6-bladed CTD diverge in function. Despite being highly similar in overall structure (13) , the DNA-binding surface of 6-bladed BsParC-CTD is largely planar due to the lack of a GyrA-box in its blade 1; which may explain why Topo IVs lack handed DNA-wrapping and (À) supercoiling activities.
A b-strand-bearing proline may define the packing angle between blades 1 and 2
To understand why the packing between blades 1 and 2 of canonical GyrA-CTDs is tilted, the interfaces between all neighboring blades were examined. Unlike interfaces that exhibit flat packing, we noted in both non-planar GyrA-CTDs the presence of a b-strand-bearing proline (Pro636 of EcGyrA-CTD and Pro635 of XcGyrA-CTD) at the penultimate position of blade 2's inner edge b-strand ( Figure 3D and E) . Located near the hinge that connects blades 1 and 2, the pyrrolidine ring of this proline is constrained by its unique main-chain f angle of À75 , causing it to lie perpendicular to the strand axis and pack against hydrophobic residues from blade 1, seemingly pushing blade 1 away. This structural effect appears to be proline-specific because other amino acids should adopt the typical b-strand f value of À130 at this position, allowing their side-chain atoms beyond Cb to rotate away from the blade interface without pointing directly toward blade 1, which would favor a flat packing as seen in all other blade pairs. Consistent with its role in defining the tilted packing between blades 1 and 2, a structurally equivalent proline is absent from all other blade interfaces, including those of the flat BbGyrA-CTD. Additionally, this proline is highly conserved among proteobacterial gyrases (Figure 4 ), but not conserved within Topo IVs with a 6-blade CTD. Thus, the presence of a proline and the tilted packing seen in blade 1 of the BsParC-CTD may simply be an evolutionary remnant. Figure 4 . The b-strand-bearing proline is highly conserved among the proteobacterial DNA gyrases. Multiple-alignment of the genomic sequences of GyrA subunits representing the five subdivisions of proteobacteria reveals that the penultimate positioned b-strand-bearing proline following the consensus GyrA-box motif is highly conserved (as indicated by the purple asterisk) among the proteobacteria. The invariant residues are yellow colored, other conserved positions are also colored, with blue and green representing the two most frequently appeared amino acids. Secondary structure assignment were made according to those seen in EcGyrA-CTD (13) and XcGyrA-CTD (arrows represent the b-strands). The sequences of GyrA subunits in the multiple alignment were selected from a-proteobacteria ( 
Mutagenesis studies of the b-strand-bearing proline
To test the functional significance directly, a proline to alanine mutation (P636A) was introduced into the EcGyrA-CTD and full-length E. coli gyrase. As expected, the P636A mutation clearly impaired the DNA-wrapping activity of EcGyrA-CTD and reduced the supercoiling efficiency of E. coli gyrase by 3-4-fold ( Figure 5 ). These data provide evidence that the proline plays a direct role in promoting gyrase's catalytic efficiency by serving as a key structural determinant for the tilted packing between blades 1 and 2, and are consistent with the observation that the non-planar EcGyrA-CTD exhibits stronger DNA-wrapping activity than the proline-less and flat BbGyrA-CTD (13) . Given the correlation we observed between DNA-wrapping and supercoiling activity, it is likely that B. burgdorferi gyrase possesses a reduced supercoiling activity compared with the E. coli enzyme.
Using a mutant E. coli gyrase which carries a D82G mutation in the GyrA subunit, it has been shown by microarray analysis that even a 2-3-fold reduction in the negative supercoiling activity leads to drastic changes in the genome-wide gene expression pattern; altering the steady-state transcriptional activity of hundreds of genes (25) . Therefore, the 3-4-fold effect caused by the P636A mutation should be functionally significant regarding bacterial physiology.
Notably, mutation of a nearby arginine residue to alanine (R580A) was found to somewhat enhance the DNA-wrapping activity of EcGyrA-CTD ( Figure 5A and B); this may have made gyrase a slightly more efficient supercoiling machine (Figure 5C ; comparing the lanes of 1:1 molar ratio of protein to DNA). R580 is located at (30) . Type IB DNA topoisomerase was used to relax plasmid pUC119 in the presence of either wild-type or mutant EcGyrA-CTD, an assay that allows trapping of protein binding-induced changes in DNA superhelicity. The molar ratio of EcGyrA-CTD to plasmid pUC119 (9.6 nM) was indicated. Relaxed and (À) supercoiled pUC119 were included as controls. The DNA-binding affinities of wild-type and mutant proteins were judged to be very similar using a gel-shift assay (Supplementary Figure S2) . Moreover, circular dichroism and intrinsic tryptophan fluorescence emission spectra of wild-type and P636A mutant EcGyrA-CTD were measured ( Supplementary Figures S3 and S4) to confirm that mutation of P636 to alanine does not globally alter the secondary and tertiary structure of EcGyrA-CTD. (B) The relative intensities of topoisomer bands shown in (A) were quantified and fitted to Gaussian curves. The values of the linking number change per protein molecule (ÁL k /EcGyrA-CTD) were then estimated as described (13) . (C) DNA supercoiling assay. Relaxed pUC119 plasmid (9.6 M) was incubated with increasing amount (ratio indicated) of wild-type or mutant E. coli DNA gyrase. Relaxed and (À) supercoiled pUC119 were included as controls. This assay was also performed at higher enzyme concentration such that larger amount of fully supercoiled species can be produced by the P636A mutant (Supplementary Figure S5 ). In this figure, three enzyme-to-DNA ratios (2, 4, and 8) overlap those shown in (C), together they provide a wider titration of enzyme concentration (from 0.5 to 16). Results shown in both figures suggest that the P636A mutation reduces gyrase's (À) supercoiling activity by 3-4-fold, as judged by the appearance and relative amount of the fully supercoiled species. blade 1 of the EcGyrA-CTD. The side-chain of R580 forms van der Waals interactions and a hydrogen bond with groups from blade 2 ( Figure 3E ), providing a tether between the two blades. Replacement of R580 with alanine abolished these interactions, presumably allowing blade 1 to be pushed further away by P636 and leading to more pronounced blade 1 tilting as well as slightly enhanced DNA-wrapping activity. This finding provides additional support to the tilt-inducing role of P636 and suggests that fine-tuning of gyrase activity can be achieved by modifying the packing geometry between blades 1 and 2.
The b-strand-bearing proline is absent in most singly expressed bacterial type II Topos Despite the well conserved nature of this b-strand-bearing proline among gyrases (Figure 4 ), sequence analysis indicated that a structurally equivalent proline is absent in Mycobacterium tuberculosis gyrase. As the lone type II Topo in M. tuberculosis, the functional characteristics of this enzyme differs from those of the E. coli gyrase by exhibiting both (À) supercoiling as well as a significant decatenation activity (26) , making it a dual functional enzyme that appears to integrate the properties of both gyrase and Topo IV. It remains to be determined whether this unique feature of M. tuberculosis gyrase is shared by other singly expressed bacterial type II Topos. Intriguingly, we noted that the b-strand-bearing proline is also absent in the majority of these lone bacterial type II Topos, including those from Given the potential role of the b-strand-bearing proline as a modulator of gyrase function, we suspect that the loss of this proline might be one of the molecular events contributing to the functional divergence of M. tuberculosis enzyme from canonical DNA gyrase.
Structural and functional significance of b-strand-bearing prolines
Usually, the impact of proline on protein function is discussed in the context of cis-trans isomerization and its role as a secondary structure breaker, the structural and functional effects of b-strand-bearing prolines are to date unrecognized. To our knowledge, this is the first demonstration of a b-strand-bearing proline that may impact protein function. Although proline has the lowest b-strand-forming propensity due to its tightly constrained f angle and its lack of hydrogen on the amide group (27) , the following reasons may explain why proline can be accommodated at penultimate position of an edge b-strand. First, this position is not involved in the hydrogen bonding network of b-sheet; thus, the presence of a proline does not cause hydrogen bond loss. Furthermore, larger deviations from the standard main-chain dihedral angles are more common toward the termini of a b-strand; therefore, a proline may be introduced without compromising b-sheet stability. Our finding indicates that site-specific introduction of a penultimate proline into an edge b-strand may alter the local packing interactions, and may thus be a useful protein engineering strategy for modulating protein function.
Medical relevance of b-strand-bearing proline
This work might also have a medical relevance by suggesting a structural basis for the disease-causing P244L mutation in phenylalanine hydroxylase (28) , an enzyme catalyzes the conversion of phenylalanine to tyrosine. Deficiency or reduction in this enzymatic activity causes accumulation of phenylalanine and phenylketone, leading to the disease phenylketonuria. Similar to P636 of E. coli GyrA subunit, we found that P244 of phenylalanine hydroxylase is also located at the penultimate position of a b-strand with a f angle of À75 ( Figure 6 ) (29) . The P244L substitution is expected to affect the protein structure by altering pyrrolidine-mediated packing interactions, which explains the observed reduction in enzyme activity and consequently phenylketonuria (28) .
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